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If it were known that embryos can survive more than one embryos were cultured in vitro to the hatched blastocyst freeze-thaw cycle, cryopreserved embryos could be thawed stage in Whitten's medium. In one experiment, hatched and their cells used for various micromanipulation procedures, embryos that developed after one, two or three cycles of such as nuclear transfer, genetic screening by DNA analysis, freezing and thawing were stained with Hoechst 33342 to and embryo sexing. Although many types of genetic analysis determine their mean cell number. More embryos of the can now be performed within a few hours, the type, sensitivity culture control group and the once-frozen group developed and reliability of such analyses continue to dramatically into hatching blastocysts than those of the refrozen groups.
improve at a rapid pace. Therefore, if embryos that have There was no difference in the second post-thaw rate of already been frozen could be thawed and frozen again as their in-vitro development for embryos refrozen with the culturecells were being used or analysed, this would substantially refreeze or direct-refreeze procedure. Furthermore, there increase the utility of such cryopreserved embryos. In the case was no difference among in-vitro development rates for of both non-domestic and domestic species, many academic embryos frozen two or three times. However, among those institutions and animal breeding organizations have amassed embryos subjected to repeated cycles of freezing and large numbers of embryos cryopreserved over the past 10-15 thawing that did not survive, there was a considerable years. The capability to analyse such embryos retrospectively, amount of damage to their zonae pellucidae. Furthermore, yet refreeze them so as to have time to make the most frozen mouse embryos had fewer cells per embryo at the productive use of the embryos, would also increase their value. time of hatching than the unfrozen embryos. Nevertheless, The ability to refreeze embryos could be used together with these results demonstrate that mouse embryos can survive various techniques of assisted reproduction. Previously frozen even three successive freeze-thaw cycles yet still be capable embryos resulting from in-vitro fertilization (IVF) could be of in-vitro development.
thawed, biopsied for sexing or genetic analysis, then refrozen Key words: cryopreservation/freezing/mouse embryos/refreezfor transfer at a later date. The ability to refreeze once-frozen ing samples of embryos of laboratory or domestic species would be useful should a straw or ampoule be thawed that contained more embryos than were needed.
Introduction
In the case of human embryos, retrospective genetic analysis of embryos will be especially important. The possibility and Since the first reports of successful freezing of mouse embryos (Whittingham et al., 1972; Wilmut, 1972) (Whitten, 1971) under silicone oil at to repair the defect by genetic alteration at some time in the 39°C in a humidified atmosphere of 5% CO 2 in air.
unspecified future.
The concept of repetitive freezing is not new. Chinese
Embryo freezing procedure hamster fibroblasts do survive multiple cycles of freezing Embryos to be frozen were placed into 0.7 M glycerol prepared in (McGann et al., 1972; Kruuv and Glofcheski, 1990 were cooled to -33°C at 0.3°C/min, held 10 min, and then plunged embryos survived two freeze-thaw cycles. In a preliminary directly into liquid nitrogen (LN 2 ). After~24 h in storage, the straws study, Leibo et al. (1991) reported that live young were were warmed in air at 20-25°C for 2 min. The embryos were expelled produced from two-cell mouse embryos subjected to two from the straws and the cryoprotectant removed using a four-step successive cycles of freezing. We also have described prelimindilution procedure. To do this, the embryos were sequentially rinsed ary results on refreezing of 8-to 16-cell mouse embryos and held for 5 min in 0.90 M glycerol ϩ 0.3 M sucrose in mPBS, (Vitale et al., 1992) . In this paper, we describe the results of experiments in which cleavage-stage mouse embryos were subjected to one, two, or three cycles of freezing and thawing. Some of the Embryo staining procedure embryos were refrozen immediately after having been thawed, Within 4-8 h after they hatched, blastocyst-stage embryos were stained with Hoechst 33342 (Sigma) using a procedure similar to that and others were cultured for 18-30 h before being refrozen.
of Pursel et al. (1985) , differing only in that counterstaining with To estimate the damage incurred, refrozen embryos were Trypan blue was eliminated. The Hoechst 33342 stock solution was allowed to develop into blastocysts, and then were fixed and prepared by dissolving 1 mg stain/ml sterile water and was stored in stained to count the total number of their blastomeres. the dark. The working solution consisted of 0.75 ml of 2.3% sodium citrate dihydrate, 0.25 ml ethanol and 10 ml of the Hoechst 33342
Materials and methods
stock solution. One to three embryos in mPBS were pipetted onto glass slides coated with silicone (Sigmacote; Sigma), rinsed with Experimental animals sodium citrate solution for 30 s, the excess solution removed, and Colony-raised ICR female and male mice (Harlan Sprague Dawley, 20 ml of the Hoechst 33342 solution was added to stain the embryonic Indianapolis, IN, USA) were maintained on a 12-h light and 12-h DNA in the dark for 8 min. Fluorescing nuclei were observed at dark cycle (lights activated at 0700 h). Prepubertal female mice (4-ϫ100 magnification with an inverted Nikon microscope fitted with a 6 weeks old) were treated by i.p. injection of 10 IU of pregnant mare UV lamp using a 340-360 nm excitation filter and a 430 nm serum gonadotrophin (Sigma Chemical, St Louis, MO) at 1300 hours, barrier filter. followed by an i.p. injection of 10 IU human chorionic gonadotrophin (HCG; Sigma) 48 h later. Immediately after HCG injection, each Experiment 1 female was placed with a fertile male (5-7 months of age) and
The objective of this experiment was to determine whether mouse examined~19 h later (day 1) for the presence of a vaginal plug.
embryos could survive refreezing and develop in vitro in a standard Embryo methods embryo culture medium. In three replicate experiments, excellent quality embryos (Σn ϭ 258) were selected and divided into four treatment For each replicate of an experiment, embryos were collected from groups. Embryos in group A (n ϭ 62) were frozen once, thawed and several superovulated females at~80 h after HCG injection by cultured in vitro until they reached the hatched blastocyst stage (Frozenstandard methods, as described by Hogan et al. (1994) . All of the Control). Embryos in group B (n ϭ 78) were frozen, thawed and collected embryos of excellent quality, usually numbering about 100 cultured to the blastocyst stage in vitro for 18-30 h. Of those that on a given day, were pooled. Without intentional selection, about 20-developed into blastocysts, 62 were frozen a second time, thawed and 25 embryos were distributed into one of four undesignated groups, cultured in vitro (Cultured-Refrozen). Embryos in group C (n ϭ 62) and each group of embryos was then assigned to a given treatment were frozen once, then thawed, but not removed from the straw; within by drawing a treatment number from a hat. The experiments were Ͻ5 min; these embryos were again frozen, thawed and cultured in vitro repeated either once (experiment 3) or twice (experiments 1 and 2), (Direct-Refrozen). Embryos in group D (n ϭ 62) were cultured without so that a total of about 40 or 60-80 embryos were used for each treatment.
having been frozen (Cultured-Control). only half of the Cultured-Refrozen embryos in group B and the Direct-Refrozen embryos in group C hatched.
Results

Experiment 2 Experiment 1
After one freeze-thaw cycle and removal of the cryoprotectant, the morphological survival rates of groups A, B and C were Based on their morphology, 90% of the embryos in group A frozen once, 94% of those in group B refrozen after culture, 95, 92 and 96% respectively (Table II) . Furthermore, there was little difference (64 versus 71%) after the second thawing and 90% of those in group C frozen a second time immediately after being thawed were considered as potentially viable between the viability of Cultured-Refrozen embryos compared to the Direct-Refrozen group. Of the unfrozen cultured embryos in group D, 92% developed into expanded blastocysts in vitro, a significantly higher percentage than for any of the once-or twice-frozen groups. However, more once-frozen embryos in group A (80%) developed into expanded blastocysts in vitro compared to 67% for the Cultured-Refrozen embryos or 61% for the Direct-Refrozen embryos. In addition, more unfrozen embryos in group D (81%) and once-frozen embryos in group A (71%) developed into hatched blastocysts during in-vitro culture compared to 67 and 52% for twice-frozen embryos in groups B and C respectively. There was no significant difference in the development rates to the expanded or hatched blastocyst stages between the embryos of these two freeze-thaw treatment groups. Figure 1 . The mean numbers of cells of hatched blastocysts that developed from 8-to 16-cell embryos that were frozen one, two or
Experiment 3
In the third experiment, 85% of the embryos in group A, and three times, compared to control embryos which were not frozen.
90% in groups B and C were considered viable after one
The points show the mean cell numbers Ϯ SE for 20, 20, freeze-thaw cycle (Table III) . After the second cycle, 63 and 16 and nine blastocysts after zero, one, two, or three times frozen. Points with different letters are significantly different.
70% of the Direct-Refrozen embryos in groups B and C respectively were judged morphologically viable, and after three freeze-thaw cycles, 50% of the embryos in group C once-frozen embryos in group A (63%) hatched in culture compared to twice-frozen embryos in group B (40%) or those were considered viable.
After being cultured, a significantly higher percentage of thrice-frozen in group C (23%). Within Ͻ8 h after hatching, control or treated embryos were the unfrozen embryos developed into expanded blastocysts in vitro than in any of the frozen treatment groups. There was mounted on slides and stained to determine their cell numbers.
The results in Figure 1 show the mean number of cells/embryo no statistical difference in developmental rates to expanded blastocysts between the once-frozen embryos in group A for groups of embryos frozen zero (unfrozen), one, two or three times. Hatched blastocysts resulting from control embryos compared to the twice-frozen embryos in group B (70% versus 53%). However, more once-frozen embryos in group A (70%) were composed of 145 cells, significantly more than the mean cell numbers of embryos that developed after freezing. The developed to expanded blastocysts when compared with the embryos frozen three times in group C (40%). In addition, respective mean cell numbers of embryos after one or two cycles of freezing were 116 and 107, significantly fewer than significantly more non-frozen embryos in group D (78%) and the controls, but significantly more than after three cycles damage to the zona pellucida of mouse and bovine embryos may be due to thermally induced fracturing due to temperature of freezing, the latter group of embryos containing~85 cells/embryo.
fluctuations that occur during cooling and warming (LehnJensen and Rall, 1983; Rall and Polge, 1984; Rall and Meyer, 1989) .
Discussion
Many years ago, it was noted that the incidence of cracked zonae is considerably higher when bovine embryos are warmed The results of these experiments demonstrate that 8-to 16-cell mouse embryos can be successfully refrozen either rapidly at Ͼ750°C/min, compared to that when they are warmed at Ͻ175°C/min (Leibo, 1983) . In a detailed study of immediately after thawing, or after having been cultured to the blastocyst stage. In all experiments and treatment groups this phenomenon, Rall and Meyer (1989) observed that zona damage to bovine embryos frozen slowly in plastic straws can in which embryos were frozen twice, there was no difference in the second post-thaw morphological survival and in vitro be greatly reduced if low warming rates are used. The low freezing and warming rates used in the present study produced development rates between the two refreezing methods used. There was, however, a notable difference in the amount of zona a low incidence of zona damage in once-frozen compared to twice-frozen embryos. Furthermore, in the refrozen treatment damage when the Direct-Refrozen and Cultured-Refrozen embryo groups in both experiments 1 and 2 were compared.
groups, more embryos were damaged during the second freezethaw cycle than in the first cycle. Additional cycles of freezing Of the Direct-Refrozen embryos (group C) in both experiments 1 and 2, 30 of 41 embryos (73%) were classified as damaged apparently exert a greater thermal stress on embryos than the initial freeze-thaw cycle. Perhaps, the time in culture permitted as manifested by damage to their zonae, compared with only 19 of 41 embryos (46%) in the Cultured-Refrozen groups the zonae to 'recover' from the thermal stresses of freezing and thawing. (group B).
The results of this study also suggest that excellent quality The directly refrozen embryos in this study were warmed from -196°C in air at a rate of~150°C/min, held at room embryos, frozen and thawed at the 8-to 16-cell stage, often do not develop in vitro without full protection of an intact temperature until thawed, and then immediately cooled again to -6°C, all within a time span of 2 min. Direct refreezing of zona pellucida. For early stage embryos, it is thought that the zona pellucida helps to maintain cellular integrity of the embryos resulted in higher rates of zona damage compared to culturing and then refreezing them. Repetitive osmotic blastomeres. Artificially induced alterations in the integrity of the zona pellucida may affect subsequent embryo cleavage, fluctuations resulting from sequential freezing and thawing of the suspending solutions, as well as extreme changes in compaction, blastocyst formation and zona hatching of human embryos (Cohen, 1992) . Bielanski (1987) noted that only 31% temperature within a short period of time, may have contributed to the higher rate of zona damage in this treatment group. of mouse morulae frozen without a zona pellucida survived 24 h in vitro compared to 78% of those frozen with an
In the present study, mouse embryos subjected to repeated freezing without intervening time in culture between each intact zona. Moreover, to survive in vivo after transfer, early precompaction-stage embryos of several species appear to cycle after thawing contained lower mean cell numbers at hatching compared to unfrozen embryos. The adjusted regresrequire an intact or nearly intact zona pellucida following micromanipulation, such as those of the rabbit (Moore et al., sion coefficient of mean cell numbers as a function of the number of freeze-thaw cycles was 0.94, suggesting that 1968), pig (Moore et al., 1969) , sheep (Trounson and Moore, 1974) and mouse (Brounson and McLaren, 1970; Modlinski, freezing damage was cumulative. That is, the results plotted in Figure 1 imply that each cycle of freezing caused a constant 1970). In contrast, it has been reported that zona-free bovine embryos can survive cryopreservation (Blakewood et al., amount of damage. If the embryos were not permitted to 'recover' in culture, then about 10-20% of their cells were 1986).
The zona pellucida may not be necessary for development damaged by each successive freeze-thaw. Consider the functional survival based on development into hatched blastocysts of bovine embryos beyond the compacted morula stage (Hoppe and Bavister, 1983; Farrand et al., 1985) . Yet, the zona in experiment 3. Normalized to the Cultured-Control embryos, survival of the once-frozen embryos was 62.5/77.5 ϭ 80.6%. pellucida may protect preimplantation-stage embryos against hostile uterine environments (Cohen, 1992) and against invaThus, three cycles of freezing ought to yield a cumulative survival of 81ϫ81ϫ81%, or 53%. The mean number of cells sion by pathological organisms (Singh, 1987) . Furthermore, a broken zona pellucida after cryopreservation of bovine morulae in hatched blastocysts after three cycles of freezing was 85, compared to 145 cells in the unfrozen blastocysts, or 58%. and blastocysts has been interpreted to be an indicator of some damage to the embryo (Farrand et al., 1985) .
That is, blastocysts resulting from three cycles of freezing contained 58% of the cell number of unfrozen controls. It was difficult to determine at which point in the standard freeze-thaw cycle most cellular and/or zona damage occurred.
The results of in-vitro development for the non-frozen cultured embryo groups in this study (group D) are comparable The freezing and warming of cells imposes a concatenation of stresses, including equilibration with a cryoprotectant, with those of previous reports describing development rates (El-Shershaby and Hinchliffe, 1974; Mohr and Trounson, cooling, warming, dilution and rehydration (Leibo, 1992) . Any one of these might have caused embryo damage. The criterion 1982) and mean cell numbers at hatching (Copp, 1978) of mouse embryos. It has been suggested that a decreased cell used in this study to classify embryos as 'not viable' after thawing was primarily that of zona damage. It is believed that number per embryo at hatching does not always indicate a It has been shown that refrozen embryos retain full functional
